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Synopsis: 
Successive electrophilic attacks of ROTf (R = H, Me; OTf = OSO2CF3) reagents at imido 
and nitrido moieties of polynuclear titanium(IV) complexes enable isolation and structural 
characterization of a series of intermediates with nitrogen-based ligands (n-N, n-NH, -









The reactions of nitrido complexes [{Ti(5-C5Me5)(-NH)}3(3-N)] (1) and [{Ti(
5-
C5Me5)}4(3-N)4] (2) with electrophilic reagents ROTf (R = H, Me; OTf = OSO2CF3) in 
different molar ratios have allowed the structural characterization of a series of titanium 
intermediates en route to ammonium salts [NR4]OTf or [NR4][Ti(
5-C5Me5)(OTf)4] 
formation. The treatment of the trinuclear imido-nitrido complex 1 with 5.5 equiv of triflic 
acid in toluene at room temperature led to the dinuclear complex [Ti2(
5-C5Me5)2(-
N)(NH3)(-O2SOCF3)2(OTf)] (3) and [NH4]OTf. Compound 3, along with the ammonium 
salts [NMe4]OTf and [NMe4][Ti(
5-C5Me5)(OTf)4] (5), was also obtained in the reaction of 
1 with 8 equiv of methyl triflate in toluene at 100 ºC. A trinuclear complex [Ti3(
5-
C5Me5)3(-N)(-NH)2(-O2SOCF3)(OTf)] (4), intermediate in the formation of 3, was 
isolated in the treatment of 1 with 4 equiv of MeOTf, although compound 4 was prepared 
in better yield by treatment of 1 with Me3SiOTf (2 equiv). Addition of a large excess of 
MeOTf or HOTf reagents to solutions of 3 resulted in the clean formation of ammonium 
salts [NR4][Ti(
5-C5Me5)(OTf)4] (R = Me (5), H (6)). Treatment of the tetranuclear nitrido 
complex [{Ti(5-C5Me5)}4(3-N)4] (2) with 1 equiv of ROTf in toluene afforded the 
precipitation of the ionic compounds [{Ti(5-C5Me5)}4(3-N)3(3-NR)][OTf] (R = H (8), 
Me (9)), while a large excess of HOTf led to the formation of [{Ti(5-C5Me5)}4(3-N)3(3-
NH)][Ti(5-C5Me5)(OTf)4(NH3)] (10) by rupture of a fraction of tetranuclear molecules. 
Complex 2 reacted with 1 equiv of [M(5-C5H5)(CO)3H] (M = Mo, Cr) via hydrogenation 
of one nitrido ligand to give the molecular derivative [{Ti(5-C5Me5)}4(3-N)3(3-NH)] 




5-C5H5)(CO)3] (M = Mo (12), Cr 
(13)) by protonation of other nitrido group. The X-ray crystal structures of 3, 4, 5, 9, 10, 




Transition metal nitrido and imido species are of interest because of their implications 
as key intermediates in biological and industrial dinitrogen fixation.1,2 Since the seminal 
contributions of Cummins and co-workers with molybdenum(III) trisamido complexes,3 the 
reductive cleavage of dinitrogen to form nitrido ligands by low-valent transition metal 
species is well-documented in the literature.1,4 Most of the mid-transition metal (Groups 6-
8) complexes show the nitrido ligands derived from N2 as a terminal functionality M≡N,
5 
although singular polynuclear iron species with bridging nitrido/imido ligands have been 
reported by Holland6 and Murray7 groups. In contrast, early transition metal (Groups 4 and 
5) systems typically contain bridging nitrido (n-N) moieties,
8,9,10 although several 
examples with the M≡N functionality (M = Ti,11 Zr,12 V,13 and Nb14) have been described. 
In early transition metal nitrido complexes, the high stability of the resulting metal–
nitrogen bonds makes difficult the subsequent functionalization and eventual release of 
nitrogen-containing products from the coordination sphere of the azaphilic transition 
element.15 In general, those nitrido derivatives do not react with H2, and strong acids or 
silylating agents are required for release of the nitrogen material. For instance, nitrido 
complexes are typically reacted with excess ethereal HCl to give ammonium chloride 
NH4Cl as diagnostic evidence of nitrogen incorporation from N2. Alternative methods 
based on hydrogenolysis of metal–nitrogen bonds by proton-coupled electron transfer 
(PCET) have been recently explored by Chirik.16 
Noteworthy, Hou and co-workers have described a series of low-valent polyhydride 
titanium complexes capable of performing the cleavage of the N2 molecule under mild 
conditions and the subsequent partial hydrogenation of the resulting n-nitrido ligands to 
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give n-NH moieties.
17 The reactivity of bridging nitrido n-N and imido n-NH 
functionalities on multimetallic complexes is important to understand in the context of the 
mechanism of Haber-Bosch ammonia synthesis from N2 and H2.
6,17 In this heterogeneous 
catalyzed process, the rate-determining step is the N≡N bond cleavage in the surface of the 
catalyst to form two nitrides bridging several metal centers.18 Subsequent hydrogenation of 
the nitrides produces imide NH, amide NH2, and ammine NH3 groups adsorbed on the 
metallic surfaces before ammonia elimination occurs. Well-defined species that resemble 
the proposed intermediates at the molecular level are relevant to the understanding of these 
elementary steps. 
Polynuclear nitrido complexes of titanium,19 zirconium,20 and tantalum21 with 
bridging nitrido n-N, imido n-NH, or amido -NH2 ligands are usually obtained by the 
reaction of organometallic derivatives with excess ammonia. Representative examples for 
titanium(IV) derivatives are the trinuclear imido-nitrido [{Ti(5-C5Me5)(-NH)}3(3-N)]
22 
(1) and the tetranuclear [{Ti(5-C5Me5)}4(3-N)4] (2) species,
23 which are easily prepared 
by ammonolysis of [Ti(5-C5Me5)X3] (X = Me, NMe2) mononuclear complexes. 
Compounds 1 and 2 are structurally related to the systems isolated by Hou and co-workers 
from dinitrogen splitting,17 as well as to those reported by us in the exposure of [Ti(5-
C5Me5)Me3] to forming gas (H2/N2 mixture) under ambient conditions.
24 
As part of a project devoted to the development of new reactivity patterns of the 
bridging ligands of the polynuclear complexes 1 and 2,25,26 we became interested in 
studying their reaction with electrophiles. In particular, we reported on the reaction of 1 
with one equivalent of electrophilic reagents ROTf (R = H, Me, Me3Si) to generate 
polynuclear complexes by selective functionalization of the imido groups (Scheme 1).27,28 
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As a logical continuation of this study, herein we describe the reactivity of 1 with higher 
molar ratios of ROTf reagents and the characterization of titanium nitrido intermediates en 
route to the ammonium salts [NR4]OTf or [NR4][Ti(
5-C5Me5)(OTf)4] formation. 
 
Scheme 1. Reaction of 1 with 1 equiv of ROTf 
This study with electrophiles ROTf has been also extended to the tetranuclear nitrido 
complex 2, following preliminary results on the protonation or hydrogenation of a 3-N 
nitrido ligand of this compound with one equivalent of HOTf or two equivalents of 
ammonia borane (Scheme 2).29 In addition, here we report on the use of group 6 hydride 
derivatives [M(5-C5H5)(CO)3H] in the hydrogenation and protonation of the nitrido 
ligands in compound 2. 
 
Scheme 2. Protonation and hydrogenation of 2 
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Experimental Section 
General Considerations. All manipulations were carried out under argon atmosphere 
using Schlenk line or glovebox techniques. Toluene and hexane were distilled from Na/K 
alloy just before use. Dichloromethane was dried with P2O5 and distilled prior to use. 
Fluorobenzene was dried with CaH2 and distilled prior to use. NMR solvents were dried 
with Na/K alloy (C6D6) or calcium hydride (CDCl3, (CD3)2SO, C5D5N) and distilled before 
use. Oven-dried glassware was repeatedly evacuated with a pumping system (ca. 1 × 10-3 
Torr) and subsequently filled with inert gas. ROSO2CF3 (R = H, Me, Me3Si) were 






30 and [M(5-C5H5)(CO)3H] (M = Mo, Cr)
31 were prepared according to 
published procedures. 
Samples for infrared spectroscopy were prepared as KBr pellets, and the spectra were 
obtained using an FT-IR Perkin-Elmer SPECTRUM 2000 or FT-IR Perkin-Elmer 
FRONTIER spectrophotometers. 1H, 13C{1H} and 19F NMR spectra were recorded on a 
Varian Unity-300, Mercury-300 and/or Unity-500 spectrometers. Chemical shifts (, ppm) 
in the 1H and 13C{1H} NMR spectra are given relative to residual protons or to carbon of 
the solvent, C6D6 (
1H:  = 7.15; 13C: = 128.0), CDCl3 (
1H:  = 7.24; 13C: = 77.0), 
(CD3)2SO (
1H:  = 2.49; 13C: = 39.0) or C5D5N (
1H:  = 8.71; 13C: = 149.9). Chemical 
shifts (, ppm) in the 19F NMR spectra are given relative to CFCl3 as external reference. 
The effective magnetic moments were determined by the Evans NMR method at 293 K 
(using a 300 MHz instrument with a field strength of 7.05 Tesla).32 Microanalyses (C, H, 
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N, S) were performed in a Leco CHNSO-932 or Perkin Elmer CHNS/O 2400 
microanalyzers. 
Synthesis of [Ti2(5-C5Me5)2(-N)(NH3)(-O2SOCF3)2(OTf)] (3). Method A: A 100 mL 
Schlenk tube was charged with 1 (0.20 g, 0.33 mmol), HOTf (0.25 g, 1.67 mmol), and 
toluene (25 mL). The reaction mixture was stirred at room temperature for 2 days to give a 
dark orange solution and a fine white solid. The solid (0.043 g) was isolated by filtration 
onto a glass frit and characterized as [NH4]OTf by 
1H NMR spectroscopy in DMSO-d6,  = 
7.06 (t, 1J(H,14N) = 51.2 Hz, 4H; NH4). The volatile components were removed from the 
filtrate under reduced pressure to afford 3 as an orange solid (0.34 g, 81%). Method B: A 
100 mL ampule (Teflon stopcock) was charged with 1 (0.20 g, 0.33 mmol), MeOTf (0.43 g, 
2.62 mmol), and toluene (20 mL). The reaction mixture was stirred at 100 ºC for 2 days to 
give a dark orange solution and a light violet solid. The solid (0.31 g) was isolated by 
filtration onto a glass frit and subsequently characterized as a 1:1 mixture of [NMe4]OTf 
and [NMe4][Ti(
5-C5Me5)(OTf)4] (5), according to analysis by 
1H NMR spectroscopy of a 
solution of this solid in DMSO-d6. The volatile components were removed from the filtrate 
under reduced pressure to afford 3 as an orange solid (0.26 g, 93%). IR (KBr, cm-1): ν̃ 3344 
(w), 3267 (w), 3183 (w), 2962 (w), 2917 (m), 1607 (w), 1489 (w), 1431 (m), 1382 (m), 
1331 (vs), 1312 (vs), 1230 (vs), 1208 (vs), 1187 (vs), 1145 (s), 1029 (vs), 1008 (vs), 879 
(vs), 857 (vs), 791 (m), 731 (w), 632 (vs), 513 (m), 444 (m). 1H NMR (300 MHz, C6D6, 20 
ºC): 2.07 (s, 15H; C5Me5), 1.76 (s, 15H; C5Me5), 1.68 (s br., 3H; NH3). 13C{1H} NMR 
(75 MHz, C6D6, 20 ºC 131.9 (C5Me5), 128.9 (C5Me5), 12.4 (C5Me5), 12.0 (C5Me5), the 
CF3 carbon atom resonances were not detected. 
19F NMR (282 MHz, C6D6, 20 ºC):  ‒76.8 
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(s), ‒77.6 (s). Anal. Calcd for C23H33F9N2O9S3Ti2 (Mw = 844.43): C 32.71, H 3.94, N 3.32, 
S 11.39. Found: C 33.03, H 3.79, N 3.52, S 11.24. 
Synthesis of [Ti3(5-C5Me5)3(-N)(-NH)2(-O2SOCF3)(OTf)] (4). A 100 mL ampule 
(Teflon stopcock) was charged with 1 (0.30 g, 0.49 mmol), Me3SiOTf (0.22 g, 0.99 mmol), 
and toluene (30 mL). After stirring at room temperature for 24 h, the reaction mixture was 
heated at 85 ºC for 2 d to give a dark orange solution. After filtration, the volatile 
components of the solution were removed under reduced pressure to afford 4 as an orange 
solid (0.31 g, 70%). IR (KBr, cm-1): ν̃ 3358 (m), 3261 (w), 3184 (w), 2915 (s), 2863 (m), 
2731 (w), 1614 (w), 1495 (w), 1434 (m), 1382 (m), 1337 (vs), 1312 (vs), 1236 (vs), 1196 
(vs), 1139 (s), 1068 (w), 1011 (vs), 927 (vs), 906 (vs), 788 (s), 720 (m), 633 (vs), 571 (w), 
518 (m), 435 (m). 1H NMR (300 MHz, C6D6, 20 ºC): 14.19 (s br., 2H; NH), 2.04 (s, 30H; 
C5Me5), 1.87 (s, 15H; C5Me5). 
13C{1H} NMR (125 MHz, C6D6, 20 ºC 124.2 (C5Me5), 
122.9 (C5Me5), 11.7 (C5Me5), 11.6 (C5Me5), the CF3 carbon atom resonances were not 
detected. 19F NMR (282 MHz, C6D6, 20 ºC): ‒76.4 (s). Anal. Calcd for 
C32H47F6N3O6S2Ti3 (Mw = 891.47): C 43.11, H 5.31, N 4.71, S 7.19. Found: C 43.07, H 
5.63, N 4.34, S 6.96. 
Reaction of 1 with 4 equiv of MeOTf. A 100 mL ampule (Teflon stopcock) was charged 
with 1 (0.20 g, 0.33 mmol), MeOTf (0.22 g, 1.34 mmol), and toluene (20 mL). The reaction 
mixture was stirred at 60 ºC for 16 h to give a dark orange solution and a fine white solid. 
The solid (0.063 g) was isolated by filtration onto a glass frit and characterized as 
[NMe4]OTf. The volatile components were removed from the filtrate under reduced 
pressure to afford an orange solid (0.28 g). Analysis by NMR spectroscopy of a solution of 
this solid in benzene-d6 showed it to be a 1:1 mixture of compounds 3 and 4. 
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Spectroscopic and analytical data for [NMe4]OTf:
33 IR (KBr, cm-1): ν̃ 3047 (w), 2973 (m), 
1493 (s), 1420 (w), 1252 (vs), 1229 (vs), 1154 (vs), 1033 (vs), 953 (s), 793 (w), 757 (w), 
639 (vs), 573 (m), 519 (m), 459 (w). 1H NMR (300 MHz, DMSO-d6, 20 ºC): 3.08 (s; 
NMe4). 
13C{1H} NMR (75 MHz, DMSO-d6, 20 ºC 120.2 (q, 1J(C,F) = 320.3 Hz; CF3), 
53.9 (t, 1J(C,14N) = 4.0 Hz; NMe4). 
19F NMR (282 MHz, DMSO-d6, 20 ºC):  ‒81.9 (s). 
Anal. Calcd for C5H12F3NO3S (Mw = 223.21): C 26.91, H 5.42, N 6.28, S 14.37. Found: C 
26.36, H 5.02, N 6.31, S 14.60. 
Synthesis of [NMe4][Ti(5-C5Me5)(OTf)4] (5). A 100 mL Schlenk tube was charged with 
7 (0.10 g, 0.16 mmol), [NMe4]OTf (0.035 g, 0.16 mmol), and toluene (25 mL). The 
reaction mixture was stirred at room temperature for 24 h to give a dark violet solid and a 
violet solution. The solid was isolated by filtration onto a glass frit and vacuum-dried to 
afford 5 as a dark violet powder (0.080 g, 57%). IR (KBr, cm-1): ν̃ 2923 (w), 1491 (m), 
1364 (m), 1243 (s), 1201 (vs), 1197 (vs), 1193 (vs), 1148 (m), 1033 (m), 1009 (m), 974 (s), 
766 (w), 631 (s), 596 (w), 508 (w), 451 (w), 412 (w). 1H NMR (300 MHz, DMSO-d6, 20 
ºC): 3.08 (s, 12H; NMe4), 2.08 (s, 15H; C5Me5). 13C{1H} NMR (75 MHz, DMSO-d6, 20 
ºC 140.0 (C5Me5), 120.2 (q, 1J(C,F) = 320.3 Hz; CF3), 53.9 (t, 1J(C,14N) = 3.8 Hz; 
NMe4), 13.3 (C5Me5).
 19F NMR (282 MHz, DMSO-d6, 20 ºC): ‒77.7 (s). Anal. Calcd for 
C18H27F12NO12S4Ti (Mw = 853.51): C 25.33, H 3.19, N 1.64, S 15.03. Found: C 24.89, H 
3.01, N 2.05, S 15.46. 
Synthesis of [NH4][Ti(5-C5Me5)(OTf)4] (6). A 100 mL Schlenk tube was charged with 3 
(0.20 g, 0.24 mmol), HOTf (0.19 g, 1.27 mmol), and toluene (30 mL). The reaction mixture 
was stirred at room temperature for 24 h to give a dark violet solid and a violet solution. 
The solid was isolated by filtration onto a glass frit and vacuum-dried to afford 6 as a dark 
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violet powder (0.34 g, 89%). IR (KBr, cm-1): ν̃ 3259 (m, broad), 1489 (w), 1435 (m), 1351 
(s), 1248 (vs), 1211 (vs), 1192 (vs), 1157 (s), 1033 (s), 988 (vs), 769 (w), 634 (s), 623 (s), 
598 (w), 506 (w), 449 (w). 1H NMR (300 MHz, DMSO-d6, 20 ºC): 7.06 (t, 1J(H,14N) = 
51.2 Hz, 4H; NH4), 2.08 (s, 15H; C5Me5). 
13C{1H} NMR (75 MHz, DMSO-d6, 20 ºC 
140.0 (C5Me5), 120.2 (q, 
1J(C,F) = 320.0 Hz; CF3), 13.3 (C5Me5). 
19F NMR (282 MHz, 
DMSO-d6, 20 ºC): ‒77.8 (s). Anal. Calcd for C14H19F12NO12S4Ti (Mw = 797.40): C 21.09, 
H 2.40, N 1.76, S 16.08. Found: C 20.84, H 2.50, N 1.83, S 16.15. 
Synthesis of [Ti(5-C5Me5)(OTf)3] (7). A 100 mL Schlenk tube was charged with [Ti(5-
C5Me5)Me3] (0.20 g, 0.88 mmol), HOTf (0.40 g, 2.67 mmol), and toluene (40 mL). The 
reaction mixture was stirred at room temperature for 24 h to give a violet solid and a violet 
solution. The solid was isolated by filtration onto a glass frit and vacuum-dried to afford 7 
as a violet powder (0.37 g, 67%). IR (KBr, cm-1): ν̃ 2923 (w), 1489 (w), 1432 (w), 1374 (s), 
1358 (s), 1340 (s), 1238 (vs), 1198 (vs), 1141 (vs), 1013 (s), 981 (vs), 947 (s), 769 (w), 636 
(s), 622 (s), 598 (m), 510 (w), 453 (w), 419 (w). 1H NMR (300 MHz, CDCl3, 20 ºC): 2.63 
(s, C5Me5). 
1H NMR (300 MHz, DMSO-d6, 20 ºC): 2.08 (s; C5Me5). 13C{1H} NMR (75 
MHz, CDCl3, 20 ºC 149.9 (C5Me5), 118.3 (q, 1J(C,F) = 320.1 Hz; CF3), 14.7 (C5Me5). 
13C{1H} NMR (75 MHz, DMSO-d6, 20 ºC 140.0 (C5Me5), 120.2 (q, 1J(C,F) = 320.1 Hz; 
CF3), 13.3 (C5Me5). 
19F NMR (282 MHz, CDCl3, 20 ºC): ‒75.9 (s). 19F NMR (282 MHz, 
DMSO-d6, 20 ºC): ‒77.7 (s). Anal. Calcd for C13H15F9O9S3Ti (Mw = 630.30): C 24.77, H 
2.40, S 15.26. Found: C 24.72, H 2.50, S 15.16. 
Synthesis of [{Ti(5-C5Me5)}4(3-N)3(3-NMe)][OTf] (9). A 100 mL ampule (Teflon 
stopcock) was charged with 2 (0.20 g, 0.25 mmol), MeOTf (0.042 g, 0.26 mmol), and 
toluene (20 mL). The system was allowed to react at 100 ºC without any stirring for 3 days. 
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After decantation, the resultant dark red needles were vacuum-dried to afford 9 (0.18 g, 
72%). IR (KBr, cm-1): ν̃ 2909 (s), 1602 (w), 1489 (m), 1437 (s), 1378 (s), 1275 (vs), 1221 
(s), 1144 (vs), 1062 (w), 1032 (vs), 953 (w), 869 (w), 802 (m), 750 (w), 732 (w), 648 (vs), 
619 (vs), 571 (s), 548 (m), 517 (m), 463 (vs), 434 (m). 1H NMR (300 MHz, CDCl3, 20 
ºC): 4.39 (s, 3H; NMe), 2.08 (s, 45H; C5Me5), 2.07 (s, 15H; C5Me5). 13C{1H} NMR (75 
MHz, CDCl3, 20 ºC 126.6 (C5Me5), 125.3 (C5Me5), 55.3 (NMe), 12.7 (C5Me5), 12.5 
(C5Me5), the CF3 carbon atom resonance was not detected.
 19F NMR (282 MHz, CDCl3, 20 
ºC): ‒78.0 (s). Anal. Calcd for C42H63F3N4O3STi4 (Mw = 952.51): C 52.96, H 6.67, N 
5.88, S 3.37. Found: C 53.04, H 6.38, N 6.06, S 3.19. 
Synthesis of [{Ti(5-C5Me5)}4(3-N)3(3-NH)][Ti(5-C5Me5)(OTf)4(NH3)] (10). Method 
A: A 100 mL Schlenk tube was charged with 2 (0.20 g, 0.25 mmol), HOTf (0.16 g, 1.07 
mmol), and toluene (20 mL). The reaction mixture was stirred at room temperature for 24 h 
to give a dark red solid and a red solution. The solid was isolated by filtration onto a glass 
frit and vacuum-dried to afford 10 as a dark red powder (0.29 g, 73%). Method B: A 100 
mL Schlenk tube was charged with 2 (0.10 g, 0.13 mmol), 6 (0.10 g, 0.13 mmol), and 
toluene (25 mL). The reaction mixture was stirred at room temperature for 24 h to give a 
dark red solid and a red solution. The solid was isolated by filtration onto a glass frit and 
vacuum-dried to afford 10 as a dark red powder (0.16 g, 80%). IR (KBr, cm-1): ν̃ 3360 (w), 
3215 (w, broad), 2916 (m), 1653 (w), 1620 (w), 1494 (w), 1442 (m), 1381 (m), 1348 (s), 
1236 (s), 1200 (vs), 1032 (s), 1001 (vs), 790 (m), 736 (m), 636 (vs), 514 (w), 468 (w), 446 
(w). 1H NMR (300 MHz, CDCl3, 20 ºC): 12.42 (s br., 1H; NH), 2.40 (s br., 15H; C5Me5), 
2.06 (s, 15H; C5Me5), 2.05 (s, 45H; C5Me5), the resonance signal for the NH3 ligand was 
not detected. 13C{1H} NMR (75 MHz, CDCl3, 20 ºC 147.2 (C5Me5), 126.2 (C5Me5), 
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125.1 (C5Me5), 13.7 (C5Me5), 12.7 (C5Me5), 12.2 (C5Me5), the CF3 carbon atom resonance 
was not detected. 19F NMR (282 MHz, CDCl3, 20 ºC): ‒76.1 (s). Anal. Calcd for 
C54H79F12N5O12S4Ti5 (Mw = 1585.81): C 40.90, H 5.02, N 4.42, S 8.09. Found: C 40.22, H 
4.72, N 4.51, S 7.90. 
Synthesis of [{Ti(5-C5Me5)}4(3-N)3(3-NH)] (11).29 A 100 mL Schlenk tube was 
charged with 2 (0.30 g, 0.38 mmol), [Mo(5-C5H5)(CO)3H] (0.094 g, 0.38 mmol), and 
toluene (25 mL). The reaction mixture was stirred at room temperature for 24 h to give a 
dark blue solution and a fine dark blue solid. The solid was isolated by filtration onto a 
glass frit and vacuum-dried to afford 11 as a dark blue powder (0.26 g, 88%). IR (KBr, cm-
1): ν̃ 3333 (w) (NH). 
1H NMR (300 MHz, CDCl3, 20 ºC): 10.0 (s br., 1/2 = 45 Hz, 15H; 
C5Me5), 8.7 (s br., 1/2 = 33 Hz, 45H; C5Me5). The effective magnetic moment of 11 was 
determined to be 1.70 B (based on a unit formula of C40H61N4Ti4) on a CDCl3 solution. 
Synthesis of [{Ti(5-C5Me5)}4(3-N)2(3-NH)2][Mo(5-C5H5)(CO)3] (12). A 100 mL 
Schlenk tube was charged with 2 (0.25 g, 0.32 mmol), [Mo(5-C5H5)(CO)3H] (0.078 g, 
0.32 mmol), and toluene (20 mL). The reaction mixture was stirred at room temperature for 
2 h and a second 1 equiv of [Mo(5-C5H5)(CO)3H] (0.078 g, 0.32 mmol) was added to the 
resultant dark suspension. After stirring at ambient temperature for 16 h, a dark green 
precipitate was isolated by filtration onto a glass frit and vacuum-dried to afford 12 (0.27 g, 
82%). IR (KBr, cm-1): ν̃ 3277 (m), 3264 (m), 2910 (s), 2858 (m), 1895 (vs), 1781 (vs), 1747 
(vs), 1494 (m), 1427 (s), 1377 (s), 1023 (w), 788 (vs), 782 (m), 697 (w), 642 (w), 617 (w), 
515 (m), 496 (m), 445 (m), 421 (m). 1H NMR (300 MHz, C5D5N, 20 ºC): 9.3 (s br., 1/2 
= 61 Hz, 30H; C5Me5), 8.0 (s br., 1/2 = 55 Hz, 30H; C5Me5), 5.51 (s, 5H; C5H5). Anal. 
Calcd for C48H67MoN4O3Ti4 (Mw = 1035.48): C 55.68, H 6.52, N 5.41. Found: C 55.45, H 
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6.12, N 5.37. The effective magnetic moment of 12 was determined to be 1.64 B (based on 
a unit formula of C48H67MoN4O3Ti4) on a C5D5N solution. 
Synthesis of [{Ti(5-C5Me5)}4(3-N)2(3-NH)2][Cr(5-C5H5)(CO)3] (13). In a fashion 
similar to the preparation of 12, the treatment of 2 (0.20 g, 0.25 mmol) with [Cr(5-
C5H5)(CO)3H] (0.10 g, 0.50 mmol) in toluene (15 mL) for 2 days afforded 13 as a dark 
green powder (0.19 g, 38%). IR (KBr, cm-1): ν̃ 3289 (m), 3266 (m), 3101 (w), 2911 (s), 
2858 (m), 1936 (m), 1890 (vs), 1778 (vs), 1746 (vs), 1487 (m), 1427 (s), 1377 (s), 1261 
(w), 1112 (w), 1066 (w), 1023 (m), 786 (s), 747 (s), 695 (m), 652 (s), 509 (s), 445 (s). 1H 
NMR (300 MHz, C5D5N, 20 ºC): 9.3 (s br., 1/2 = 70 Hz, 30H; C5Me5), 8.0 (s br., 1/2 
= 57 Hz, 30H; C5Me5), 5.02 (s, 5H, C5H5). Anal. Calcd for C48H67CrN4O3Ti4 (Mw = 
991.53): C 58.14, H 6.81, N 5.65. Found: C 57.46, H 6.61, N 5.92. The effective magnetic 
moment of 13 was determined to be 1.62 B (based on a unit formula of C48H67CrN4O3Ti4) 
on a C5D5N solution. 
X-ray structure determination of 3, 4, 5, 9, 10, and 13. Orange crystals of 3 were grown 
at room temperature by slow diffusion of hexane into a fluorobenzene solution of this 
compound. Orange crystals of 4·C7H8 and dark red crystals of 9·C7H8 were obtained from 
toluene solutions at ‒30 ºC. Dark violet crystals of 5 were grown by slow cooling at room 
temperature of a toluene solution heated at 110 ºC. Dark red crystals of 10 were obtained at 
room temperature by diffusion of hexane into a dichloromethane solution of this 
compound. Dark green crystals of 13·C6D6 were grown by slow cooling at room 
temperature of a benzene-d6 solution heated at 80 ºC in a NMR tube. The crystals were 
removed from the Schlenk or NMR tubes and covered with a layer of a viscous 
perfluoropolyether (FomblinY). A suitable crystal was selected with the aid of a 
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microscope, mounted on a cryoloop, and immediately placed in the low temperature 
nitrogen stream of the diffractometer. The intensity data sets were collected at 200 or 150 K 
on a Bruker-Nonius KappaCCD diffractometer equipped with an Oxford Cryostream 700 
unit. Crystallographic data for all the complexes are presented in Table S1 of the 
Supporting Information. 
The structures were solved, using the WINGX package,34 by direct methods (13) 
(SHELXS-2013)35 or intrinsic phasing methods (the rest) (SHELXT)36, and refined by 
least-squares against F2 (SHELXL-2014/7).37 It was not possible to obtain crystals of better 
quality for compounds 3‒5 and 9, and therefore some disorder problems could not be 
solved in those structures. 
The asymmetric unit of 3 was formed by two independent molecules associated 
through hydrogen bonds, but there were no significant differences between these 
molecules. Crystals of 3 showed disorder for one bridging triflate ligand (S(2), O(21), 
O(22), O(23), C(2), F(21), F(22) and F(23)). This disorder was treated by using the PART 
tool of the SHELXL program and allowing free refinement of the occupancy factor with the 
FVAR command. The final values of occupancy were 89.9 and 10.1%. All non-hydrogen 
atoms were anisotropically refined, except the atoms corresponding to the minor position of 
the disordered triflate group (S(2)’, O(21)’, O(22)’, O(23)’, C(2)’, F(21)’, F(22)’ and 
F(23)’), which were refined isotropically. All the hydrogen atoms were placed 
geometrically and refined by using a riding model, except those of the ammine ligands 
(H(21), H(22), H(23), H(41), H(42) and H(43)), which were found in the difference Fourier 
map and refined isotropically. 
In the difference Fourier map for compound 4, a distorted molecule of toluene was 
found, so it was constrained to be constituted by a regular hexagon. Crystals of 4 presented 
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disorder for the non-bridging triflate ligand (S(3), O(31), O(32), O(33), C(3), F(31), F(32) 
and F(33)). This disorder was also treated by using the PART tool with final values of 75.6 
and 24.4%. Additionally, SADI restraints were employed for the CF3 moiety of the minor 
position of this disordered triflate group. All non-hydrogen atoms were anisotropically 
refined, whereas all the hydrogen atoms were positioned geometrically and refined using a 
riding model. Moreover, the atoms of the pentamethylcyclopentadienyl ring linked to Ti(2) 
were restrained with DELU and SIMU instructions. 
In the crystallographic study of 5, all non-hydrogen atoms were anisotropically 
refined, whereas all the hydrogen atoms were positioned geometrically and refined by using 
a riding model. 
Complex 9 crystallized with a toluene molecule. Crystals of 9 presented disorder for 
the atoms of the triflate group (S(1), O(1), O(2), O(3), C(2), F(1), F(2) and F(3)) and the 
carbon atoms of the pentamethylcyclopentadienyl ligand linked to Ti(3) (C(31)-C(40)). 
These disorders were also treated conventionally affording occupancy factors of 60.2 and 
39.8% for the triflate anion, and 79 and 21% for the C5Me5 moiety. All non-hydrogen 
atoms were anisotropically refined, while all the hydrogen atoms were positioned 
geometrically and refined using a riding model. The minor position for the disordered 
C5Me5 ring was constrained to retain a regular geometry, and DELU and SIMU restraints 
were used with the carbon atoms of this fragment. Atoms N(1) and C(1) were also 
restrained with DELU and SIMU commands, and SADI restraints were employed with the 
triflate group. Additionally, FREE instruction was applied to the atoms C(1) and O(1)’ to 
avoid problems on calculated hydrogen atoms. 
In the study of compound 10, all non-hydrogen atoms were anisotropically refined. 
All hydrogen atoms were placed geometrically and refined using a riding model, except 
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those linked to nitrogen (H(11), H(51), H(52) and H(53)), which were found in the 
difference Fourier map and refined isotropically. Moreover, distance restraints were applied 
to constrain the distance N(1)–H(11). 
Compound 13 crystallized with a benzene molecule, which was located in the 
difference Fourier map, although it was constrained to be a regular hexagon. All non-
hydrogen atoms were anisotropically refined. All hydrogen atoms were positioned 
geometrically and refined by using a riding model, except hydrogen H(1) and H(3) which 
were also found in the Fourier map, and refined isotropically. 
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Results and Discussion 
Reaction of complex 1 with excess ROTf electrophilic reagents. The treatment of 
[{Ti(5-C5Me5)(-NH)}3(3-N)] (1) with 5.5 equiv of triflic acid in toluene at room 
temperature led to the precipitation of ammonium triflate and a dark orange solution from 
which the dinuclear complex [Ti2(
5-C5Me5)2(-N)(NH3)(-O2SOCF3)2(OTf)] (3) was 
isolated in 81% yield (Scheme 3). Reactions of 1 with lower ratios (1:2, 1:3 or 1:4) of 
HOTf gave complicated mixtures of products, where only compounds [Ti3(
5-C5Me5)3(3-
N)(-NH)2(-NH2)(OTf)] (Scheme 1)
28 and 3 were identified by NMR spectroscopy. 
 
 
Scheme 3. Synthesis of the dinuclear complex 3. 
 
Complex 3 was characterized by analytical and spectroscopic methods, as well as by 
an X-ray crystal structure determination. The IR spectrum (KBr) of 3 shows three bands for 
the NH vibrations, between 3344 and 3183 cm
-1, and one absorption at 1607 cm-1 
assignable to the NH3 bending mode.
38 In addition, the spectrum reveals several strong 
absorptions in the range 1331-1008 cm-1 for the coordinated triflato ligands.39 The 1H NMR 
spectrum of 3 in benzene-d6 at room temperature shows two singlets in a 1:1 ratio for the 
5-C5Me5 groups, and a broad resonance for the ammine ligand at  = 1.68. The 
19F NMR 
spectrum of 3 in benzene-d6 reveals two resonance signals, assigned to bridging and 
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terminal triflato ligands, in accord with its solid-state structure. The solid-state structural 
study of a single crystal of 3 shows two molecules associated through hydrogen bonding 
interactions between the terminal triflato group of one molecule and the ammine ligand of 
the other molecule in the asymmetric unit (vide infra). There are no substantial differences 
between the two molecules (see Figure 1 and Table 1 for one molecule, and Figure S1 and 
Table S2 in the Supporting Information for the second one). Compound 3 shows a 
dinuclear structure with two asymmetric moieties “Ti(5-C5Me5)L” held together by one 
bridging nitrido ligand and two -O2SOCF3 groups. The titanium atoms have classical four-
legged piano-stool arrangements, where the legs are occupied by one nitrido, one terminal 
triflato, and two bridging triflato ligands for Ti(1) and Ti(3); and one nitrido, one ammine, 
and two bridging triflato ligands for Ti(2) and Ti(4). The bridging nitrido ligand of 3 is 
characterized by titanium‒nitrogen bond lengths of averaged 1.797(2) Å, which is 
consistent with a Ti=N=Ti unit, based in the few examples found in the literature 
containing that fragment.19a,40 The narrow Ti‒N(nitrido)‒Ti angle (av. 133.4(1)º) is likely 
due to the existence of two additional triflato ligands bridging the metal centers. The 
titanium‒oxygen distances of 2.100(3)‒2.185(3) Å are in the normal range for triflato 
ligands in complexes such as [{Ti(5-C5Me5)(-OH)(-O2SOCF3)(OTf)}2],
41 and the 
titanium‒nitrogen(ammine) bond length (av. 2.194(9) Å) compares well with those found 




Figure 1. Perspective view of one of the two associated molecules in the asymmetric unit of 
complex 3 (thermal ellipsoids at the 50% probability level). The methyl groups of the 
pentamethylcyclopentadienyl ligands are omitted for clarity. 
 
Table 1. Selected Lengths (Å) and Angles (deg) for One of the Two Associated Molecules of 3 
Ti(1)‒N(12) 1.796(3) Ti(1)‒O(11) 2.100(3) 
Ti(1)‒O(21) 2.173(5) Ti(1)‒O(31) 2.149(3) 
Ti(2)‒N(12) 1.798(3) Ti(2)‒N(2) 2.188(4) 
Ti(2)‒O(22) 2.159(6) Ti(2)‒O(32) 2.127(3) 
S(2)‒O(21) 1.439(6) S(2)‒O(22) 1.458(6) 
S(3)‒O(31) 1.465(3) S(3)‒O(32) 1.460(3) 
Ti(1)···Ti(2) 3.301(1)   
N(12)‒Ti(1)‒O(11) 134.8(1) N(12)‒Ti(1)‒O(21) 85.6(2) 
N(12)‒Ti(1)‒O(31) 86.0(1) O(11)‒Ti(1)‒O(21) 77.9(2) 
O(11)‒Ti(1)‒O(31) 78.2(1) O(21)‒Ti(1)‒O(31) 136.3(2) 
N(12)‒Ti(2)‒N(2) 125.2(2) N(12)‒Ti(2)‒O(22) 86.1(2) 
N(12)‒Ti(2)‒O(32) 86.3(1) N(2)‒Ti(2)‒O(22) 77.0(2) 
N(2)‒Ti(2)‒O(32) 75.8(2) O(22)‒Ti(2)‒O(32) 140.1(2) 
Ti(1)‒N(12)‒Ti(2) 133.4(2) Ti(1)‒O(21)‒S(2) 125.2(4) 
Ti(1)‒O(31)‒S(3) 128.4(2) Ti(2)‒O(22)‒S(2) 125.0(3) 
Ti(2)‒O(32)‒S(3) 129.0(2) O(21)‒S(2)‒O(22) 113.6(3) 
O(31)‒S(3)‒O(32) 113.0(2)   
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As mentioned above, analysis of the crystal structure of 3 reveals the existence of 
several N‒H···O and N‒H···F hydrogen bonds (Figure 2, Table 2). Within each molecule, 
there is an intramolecular hydrogen bonding interaction between an oxygen atom of the 
terminal triflato and one hydrogen atom of the ammine ligand, which can be classified as 
strong according to the criteria on the donor‒acceptor distances.43 In addition, the two 
molecules of the asymmetric unit are associated by weaker hydrogen bonding interactions 
between oxygen or fluorine atoms of the terminal triflato ligand of one molecule and the 
hydrogen atoms on the ammine group of the other molecule. 
 
Figure 2. Simplified view of the most relevant intra- and intermolecular hydrogen bonding 
interactions present in complex 3 (N–H···O hydrogen bonds are drawn in orange, whereas 
N–H···F interactions are in green). 
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Table 2. Relevant Hydrogen Bondsa for Compound 3 
D‒H···A D···A/Å H···A/Å D‒H···A/deg 
N(2)‒H(21)···O(42) 3.275(6) 2.77(7) 124(6) 
N(2)‒H(22)···F(41) 3.548(8) 2.75(6) 154(6) 
N(2)‒H(23)···O(12) 2.961(6) 2.09(6) 165(6) 
N(4)‒H(41)···O(43) 2.972(7) 2.18(6) 164(5) 
N(4)‒H(42)···O(13) 3.164(6) 2.60(7) 126(6) 
N(4)‒H(43)···F(21) 3.259(7) 2.34(5) 159(5) 
aA = acceptor; D = donor. 
 
Compound 3 was also isolated in 93% yield from the orange solution resulting of the 
treatment of 1 with 8 equiv of methyl triflate in toluene at 100 ºC for 2 days (Scheme 4). 
Along with this solution, a light violet precipitate was obtained in the reaction. This solid 
was only soluble in dimethylsulfoxide-d6, and its composition was analyzed by NMR 
spectroscopy. The spectra revealed a 1:1 mixture of the tetramethylammonium salts 
[NMe4]OTf and [NMe4][Ti(
5-C5Me5)(OTf)4] (5), which were independently synthetized 
by other procedures. Thus, the reaction of 1 with 4 equiv of MeOTf in toluene at 60 ºC for 
16 h afforded an orange solution and a white precipitate. Spectroscopic and analytical data 
of this solid were consistent with the ionic compound [NMe4]OTf,
33 whereas the orange 
solution obtained in the reaction was shown to contain a 1:1 mixture of 3 and the trinuclear 
derivative [Ti3(
5-C5Me5)3(-N)(-NH)2(-O2SOCF3)(OTf)] (4) according to 
1H NMR 
spectroscopy. Compounds 3 and 4 exhibit a similar solubility in toluene, but crystallization 
at ‒30 ºC gave a few orange crystals of 4·C7H8 suitable for a single crystal X-ray 
diffraction determination (vide infra). Interestingly, addition of 4 equiv of MeOTf to the 
toluene solution containing derivatives 3 and 4, and subsequent heating at 110 ºC for 16 h, 
cleanly afforded an orange solution of complex 3 along with violet crystals characterized as 
[NMe4][Ti(
5-C5Me5)(OTf)4] (5) by X-ray crystallography. 
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Scheme 4. Reactions of 1 with excess ROTf (R = Me, SiMe3). 
 
The synthesis of 4 in a pure form and good yield (70%) was achieved by treatment of 
1 with 2 equiv of trimethylsilyl triflate in toluene at 85 ºC (Scheme 4). The first step in the 
formation of 4 involves the reaction of one equivalent of Me3SiOTf with 1 at room 
temperature to give the previously reported complex [Ti3(
5-C5Me5)3(3-N)(-NH)2(-
NHSiMe3)][OTf] (Scheme 1).
28 Subsequent silylation of the NHSiMe3 amido ligand of this 
ionic compound with an additional equivalent of Me3SiOTf at higher temperatures would 
result in formation of the amine NH(SiMe3)2, which is eventually released with 
concomitant coordination of the triflato groups to give compound 4. 
The 1H NMR spectrum of 4 in benzene-d6 at room temperature shows two sharp 
singlets in a 2:1 ratio for the 5-C5Me5 ligands and a broad resonance at  = 14.19 for the 
imido groups. While the 1H and 13C{1H} NMR spectra are consistent with a Cs symmetry in 
solution, the 19F NMR spectrum showed only one resonance for the triflato groups, even 
though the solid-state structure reveals inequivalent terminal and bridging triflato ligands. 
This could be due to coincidence of the resonance signals or the existence of a rapid 
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dynamic exchange involving terminal and bridging sites of the triflato groups in solution. 
The X-ray crystal structure consists of a [Ti3N3] six-membered ring in boat conformation 
(Figure 3). The titanium atoms have classical three-legged piano-stool arrangements, where 
the legs are occupied by two imido and a terminal triflato ligands in the case of Ti(3), and 
one of the oxygen atoms of the bridging triflato group, one imido and one nitrido ligands 
for Ti(1) and Ti(2). The trifluoromethanesulfonato ligand that links these two titanium 
atoms closes a second six-membered [Ti2NO2S] ring in chair conformation. The Ti‒
N(imido) distances (Table 3) in 4 range from 1.880(5) to 1.894(5) Å, and resemble the 
values found in complexes 1 (av. 1.930(7) Å)22 and [Ti3(
5-C5Me5)3(3-N)(-NH)(-
NH2)(-NR)(OTf)] (1.831(3)–1.858(3) Å)
28. However, the Ti‒N(nitrido) distances of 
1.791(5) and 1.797(4) Å are clearly shorter and agree with the higher titanium-nitrogen 
bond order expected for a Ti=N=Ti unit.40  Those Ti–N lengths compare well with the 
averaged value of 1.797(2) Å found in the dinuclear compound 3. In a fashion similar to 
this derivative, the narrow Ti‒N(nitrido)‒Ti angle (125.1(3)º) in complex 4 can be 
explained by the existence of two additional bridging systems, a triflato ligand and a [(-
NH)2Ti(η
5-C5Me5)(OTf)] fragment, between the Ti(1) and Ti(2) atoms. Lastly, the crystal 
structure of 4 shows two different types of bonded triflato ligands. The terminal triflato 
ligand is coordinated to Ti(3) with a titanium‒oxygen bond distance of 2.038(10) Å, which 
compares well with those found in other compounds such as [Ti(η5-C5Me5)(OMe)(-
O2SOCF3)(OTf)]2 (2.039(4) Å) and [Ti(η
5-C5Me5)(-OH)(-O2SOCF3)(OTf)]2 (2.071(3) 
Å).41a The Ti‒O distances associated with the bridging triflato ligand (averaged 2.088(9) Å) 
are logically longer than that of the terminal ligand, but they are shorter than those 
(2.125(2)‒2.164(3) Å) found in the bridging ligands of the aforementioned examples.41a 
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Figure 3. Perspective view of complex 4·C7H8 (thermal ellipsoids at the 50% probability 
level). The methyl groups of the 5-C5Me5 ligands and the toluene solvent molecule are 
omitted for clarity. 
 
Table 3. Selected Lengths (Å) and Angles (deg) for Complex 4 
Ti(1)‒N(12) 1.797(4) Ti(1)‒N(13) 1.880(5) 
Ti(1)‒O(11) 2.082(3) Ti(2)‒N(12) 1.791(5) 
Ti(2)‒N(23) 1.888(4) Ti(2)‒O(12) 2.095(3) 
Ti(3)‒N(13) 1.894(5) Ti(3)‒N(23) 1.892(4) 
Ti(3)‒O(31) 2.038(10) Ti(1)···Ti(2) 3.184(1) 
Ti(1)···Ti(3) 3.276(1) Ti(2)···Ti(3) 3.198(1) 
N(12)‒Ti(1)‒N(13) 101.6(3) N(12)‒Ti(1)‒O(11) 100.4(2) 
N(13)‒Ti(1)‒O(11) 101.8(2) N(12)‒Ti(2)‒N(23) 104.7(3) 
N(12)‒Ti(2)‒O(12) 99.6(2) N(23)‒Ti(2)‒O(12) 103.5(2) 
N(13)‒Ti(3)‒N(23) 116.5(2) N(13)‒Ti(3)‒O(31) 100.3(3) 
N(23)‒Ti(3)‒O(31) 107.9(2) Ti(1)‒N(12)‒Ti(2) 125.1(3) 
Ti(1)‒N(13)‒Ti(3) 120.5(3) Ti(2)‒N(23)‒Ti(3) 115.6(2) 
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The reactivity of the dinuclear complex [Ti2(
5-C5Me5)2(-N)(NH3)(-
O2SOCF3)2(OTf)] (3) with a large excess of electrophilic reagents ROTf (R = H, Me) was 
also examined (Scheme 5). The treatment of 3 with 5 equiv of HOTf in toluene at room 
temperature afforded the precipitation of a violet solid characterized as [NH4][Ti(
5-
C5Me5)(OTf)4] (6) in good yield (89%). However, the analogous reaction of 3 with excess 
MeOTf leads to a mixture of complexes [NMe4][Ti(
5-C5Me5)(OTf)4] (5) and 6. 
Compounds 5 and 6 are only soluble in dimethylsulfoxide but 5 could not be isolated in a 
pure form by fractional crystallization of this mixture. 
 
 
Scheme 5. Reactions of 3 with excess ROTf (R = H, Me). 
 
To isolate the ionic compound [NMe4][Ti(
5-C5Me5)(OTf)4] (5) in a pure form and 
good yield, we first synthetized the hitherto unknown neutral derivative [Ti(5-
C5Me5)(OTf)3] (7). Complex 7 was obtained in 67% yield by reaction of [Ti(
5-
C5Me5)Me3] with 3 equiv of triflic acid in toluene at room temperature (Scheme 6). 
Subsequent treatment of 7 with [NMe4]OTf in toluene at room temperature afforded 
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compound 5 in high purity. While ionic compounds 5 and 6 are only soluble in 
dimethylsulfoxide-d6, the molecular complex 7 is also soluble in chloroform-d1. Complexes 
5-7 were characterized by spectroscopic and analytical methods, as well as by an X-ray 
crystal structure determination for 5. IR spectra (KBr) show several strong absorptions 
between 1364 and 1009 cm-1 for the coordinated trifluoromethanesulfonato groups.39 In 
addition, the IR spectrum of 6 displays a very broad band at 3259 cm-1 for the NH vibration 
of the [NH4]
+ cation. The 1H NMR spectrum of a violet solution of 7 in chloroform-d1 
exhibits a singlet at  = 2.63 for the 5-C5Me5 group. The resonance for the ipso carbons of 
the C5Me5 group ( = 149.9) in the 
13C{1H} NMR spectrum of 7 in chloroform-d1 is shifted 
downfield with respect those found in analogous 12-electron complexes [Ti(5-C5Me5)X3] 
(X = Cl, δ = 137.2; Br, δ = 138.2; OEt, δ = 120.5; OPh, δ = 126.5).44 This deshielding 
effect is consistent with the strong electron withdrawing character of the triflato ligand. 
Noteworthy, the violet compound 7 readily dissolves in dimethylsulfoxide-d6 to give a 
brown solution, and the 13C{1H} NMR spectrum shows a resonance signal at  = 140.0 for 
the ipso carbons of the C5Me5 group. The color change and significant high-field shift of 
this resonance signal when compared with those in chloroform-d1 suggest the coordination 
of dimethylsulfoxide molecules to the titanium atom of compound 7 (Scheme 6). 
Furthermore, the 1H and 13C{1H} NMR spectra of brown solutions of compounds 5 and 6 
in dimethylsulfoxide-d6 show resonance signals for the 
5-C5Me5 ligands (H = 2.08, and 
C = 140.0 and 13.3) which are identical to those of complex 7 in that solvent. In addition, 
the NMR spectra of 5 and 6 shows the same resonance signals assignable to the [NR4]
+ 
groups that those found for the [NR4]OTf salts. These data suggest that compounds 5–7 
reacts with dimethylsulfoxide-d6 to give the same species in solution via displacement of 
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the corresponding salts [NR4]OTf in compounds 5 and 6. This species could be tentatively 
formulated as the 16-electron complex [Ti(5-C5Me5)(OTf)3{OS(CD3)2}2] (Scheme 6), but 
ionic derivatives with triflate anions (e.g., [Ti(5-C5Me5)(OTf)2{OS(CD3)2}3][OTf]) cannot 
be ruled out. 
 
 
Scheme 6. Synthesis of 5 and plausible behavior of 5-7 in DMSO-d6. 
 
The solid-state structure of 5 shows well-separated tetrahedral [NMe4]
+ cations and 
mononuclear titanium anions [Ti(5-C5Me5)(OTf)4]
–. The titanium atom exhibits a four-
legged piano-stool arrangement, with the legs occupied by an oxygen atom of the terminal 
trifluoromethanesulfonato groups (Figure 4 and Table S3). The Ti‒O bond lengths of 
averaged 2.014(7) Å are similar to those found in complexes 3, 4 and other examples with 
terminal triflato ligands.41 Furthermore, the distance from the titanium atom to the centroid 
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of the pentamethylcyclopentadienyl group of 2.045 Å is comparable to those reported for 





Figure 4. Perspective view for the anion of compound 5 (thermal ellipsoids at the 50% 
probability level). Hydrogen atoms of the methyl groups are omitted for clarity. Selected 
averaged bond lengths (Å) and angles (deg): Ti(1)‒O 2.014(7), Ti(1)‒Cm 2.045, O‒Ti(1)‒
Cm 109(1), O‒Ti(1)‒Ocis 83.7(7), O‒Ti(1)‒Otrans 141(2). Cm = Centroid of the 
pentamethylcyclopentadienyl ring. 
 
Reactions of complex 2 with ROTf and [M(5-C5H5)(CO)3H] reagents. 
We have also studied the reactivity of the tetranuclear nitrido complex [{Ti(5-
C5Me5)}4(3-N)4] (2) with electrophilic ROTf (R = H, Me, Me3Si) reagents (Scheme 7). 
Treatment of 2 with 1 equiv of triflic acid or methyl triflate in toluene afforded the 
precipitation of the ionic complexes [{Ti(5-C5Me5)}4(3-N)3(3-NR)][OTf] (R = H (8),
29 
Me (9)). Interestingly, no reaction was observed in the treatment of 2 with the larger 
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trimethylsilyl fragment of Me3SiOTf even at high temperatures. While compound 9 did not 
react with higher ratios of MeOTf even upon heating the reaction mixture at 100 ºC, the 
treatment of 2 with excess HOTf in toluene at room temperature led to the formation of 
[{Ti(5-C5Me5)}4(3-N)3(3-NH)][Ti(
5-C5Me5)(OTf)4(NH3)] (10). We speculate that 
triflic acid could produce the complete rupture of a fraction of a tetranuclear aggregate to 
form 4 equiv of [NH4][Ti(
5-C5Me5)(OTf)4] (6), and this salt subsequently reacts with the 
remaining tetranuclear molecules to give 10. Indeed, compound 10 was isolated in 80% 
yield by treatment of a toluene solution of 2 with 1 equiv of the ionic derivative 6 at room 
temperature (Scheme 7). 
 
Scheme 7. Reactions of 2 with ROTf (R = H, Me). 
 
Compounds 8-10 were obtained in good yields (72-80%) as red solids, which are not 
soluble in hydrocarbon solvents but exhibit a good solubility and stability in halogenated 
solvents. The compounds were characterized by spectroscopic and analytical methods, as 
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well as by X-ray crystal structure determinations. The IR spectra (KBr) of derivatives 8 and 
10 show one and two bands, respectively, for the NH vibrations of the NH and NH3 ligands. 
In addition, the IR spectrum of 10 reveals one band at 1620 cm-1 assignable to the NH3 
bending mode. However, the most important difference among the IR spectra of the three 
compounds is found in the trifluoromethanesulfonato group as(SO3) vibrations. In complex 
9 there is only one band at 1275 cm-1 assignable to the CF3SO3
– ion,39b whereas in 8 this 
vibration splits into two bands, at 1285 and 1255 cm-1, due to the hydrogen bonding 
interaction between the triflate ion and the NH imido group of the cation [{Ti(5-
C5Me5)}4(3-N)3(3-NH)]
+.39c The 1H NMR spectra in chloroform-d1 at room temperature 
of compounds 8-10 reveal two singlets in a 3:1 ratio for the C5Me5 ligands of the cation, 
which are consistent with C3v-symmetric structures in solution. In addition to the 
resonances due to the C5Me5 ligands of the cation, the 
13C{1H} NMR spectrum of 10 
displays one resonance signal at δ = 147.2 for the ipso carbons of the 5-C5Me5 group of 
the anionic fragment. This value is slightly shifted to high-field compared to that of the 
neutral complex [Ti(5-C5Me5)(OTf)3] (7) in chloroform-d1 (δ = 149.9), but clearly 
downfield with respect to that  of complexes 5-7 in dimethylsulfoxide-d6 (δ = 140.0). These 
data further support the incorporation of dimethylsulfoxide molecules into the coordination 
sphere of the titanium center in complexes 5-7 in that solvent (see above), because the 16-
electron complex [Ti(5-C5Me5)(OTf)4(NH3)]
– should give a resonance at higher field than 
the 14-electron anion [Ti(5-C5Me5)(OTf)4]
–. 
The X-ray diffraction studies on complexes 8-10 confirm their ionic nature. There are 
no substantial differences in the cations of these compounds, except the substitution of the 
-NH group in 8 and 10 for a -NMe ligand in 9. The solid-state structure of 8 shows a 
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weak43 N‒H···O hydrogen bonding interaction between the triflate anion and the NH imido 
group of the cationic fragment.29 The structure for the cation of 10 is shown in Figure 5 and 
selected averaged distances and angles for the cations of the three complexes are compared 
in Table 4. The crystal structure of these ions consist of almost perfect [Ti4N4] cube cores, 
with the Ti‒N‒Ti and the N‒Ti‒N angles very close to 90º, in an analogue disposition of 
the parent complex 2.23 Each titanium center is bound to one pentamethylcyclopentadienyl 
ligand and three bridging nitrogen atoms in a three-legged piano-stool arrangement. The 
protonation or methylation of one nitrido ligand results in a lengthening of ca. 0.1 Å of the 
Ti‒N distances of the {Ti3(3-NR)} fragments compared with the Ti‒N separations of the 
{Ti3(3-N)} units. An analogous lengthening in those distances has been found in the 
{Ti3(4-N)MX} fragments of the Lewis acid-base adducts [{Ti(
5-C5Me5)}4(3-N)4-n{(4-




Figure 5. Perspective view for the cation of 10 (thermal ellipsoids at the 50% probability 
level). Hydrogen atoms of the 5-C5Me5 ligands are omitted for clarity. 
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Table 4. Selected Averaged Lengths (Å) and Angles (deg) for the Cations of 8‒10 
 8·3C6H5F
29 9·C7H8 10 
Ti‒Nimido 2.044(6) 2.040(2) 2.010(8) 
Ti‒Nnitrido 1.937(12) 1.932(13) 1.944(11) 
Ti···Ti 2.782(1)‒2.876(1) 2.782(1)‒2.867(1) 2.797(1)‒2.862(1) 
N(1)‒C(1) ‒ 1.394(10) ‒ 
Ti‒Nimido‒Ti 89.4(2) 89.2(2) 90.7(1) 
Ti‒Nnitrido‒Ti 91.3(1)‒96.7(1) 91.6(2)‒96.3(2) 91.8(1)‒95.2(1) 
N‒Ti‒N 87.6(7) 87.6(6) 87.5(6) 
C(1)‒N(1)‒Ti ‒ 123.7(5)‒127.9(5) ‒ 
 
The anionic fragment of complex 10 (Figure 6) is similar to the titanate anion of 
[NMe4][Ti(
5-C5Me5)(OTf)4] (5) with the incorporation of an ammine ligand. If the 
centroid of the pentamethylcyclopentadienyl ring is considered, the titanium atom exhibits 
a distorted octahedral geometry, with the 5-C5Me5 and ammine groups located in trans 
positions and four oxygen atoms of the triflato ligands occupying the rest of the sites in the 
octahedron. The Ti‒Cm distance of 2.128 Å in 10 is clearly longer than that found in the 
anion of 5 (2.045 Å) most likely due to the electron donation of the NH3 ligand and the 
steric repulsions about the more crowded titanium center. The Ti(5)‒N(5) bond length of 
2.231(4) Å is similar to that found in the Ti‒NH3 fragment of the dinuclear complex 3 (av. 
2.194(9) Å), while the Ti(5)‒O bond lengths have an averaged value of 2.073(4) Å and are 
slightly longer than in 5 (av. Ti‒O 2.014(7) Å).  
 34 
 
Figure 6. Perspective view for the anion of 10 (thermal ellipsoids at the 50% probability 
level). Hydrogen atoms of the 5-C5Me5 ligands are omitted for clarity. Selected averaged 
bond lengths (Å) and angles (deg) for the anion: Ti(5)‒N(5) 2.231(4), Ti(5)‒O 2.073(4), 
Ti(5)‒Cm 2.128, N(5)‒Ti(5)‒Cm 177.7, O‒Ti(5)‒Cm 101.7(5), O‒Ti(5)‒Ocis 88(2), O‒
Ti(5)‒Otrans 156.6(9), N(5)‒Ti(5)‒O 78(2). Cm = Centroid of the 
pentamethylcyclopentadienyl ring. 
 
We have also explored the reaction of complex [{Ti(5-C5Me5)}4(3-N)4] (2) with 
weakly acidic group 6 hydride derivatives [M(5-C5H5)(CO)3H] (M = Mo, pKa = 13.9; M= 
Cr, pKa = 13.3)
47 (Scheme 8). The chromium hydride compound is a weak acid and 
reducing agent that has been applied to N‒H bond formation in titanium compounds by 
PCET pathways.16b Indeed, complex 2 reacted with [M(5-C5H5)(CO)3H] (1 equiv) in 
toluene at room temperature to give the paramagnetic molecular derivative [{Ti(5-
C5Me5)}4(3-N)3(3-NH)] (11) via hydrogenation of one nitrido ligand. Compound 11 has 
been previously prepared by treatment of 2 with 2 equiv of ammonia borane (65% yield) or 
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by stepwise proton and electron transfer with HOTf and [K(C5Me5)] (Scheme 2).
29 
However, the synthesis with [Mo(5-C5H5)(CO)3H] gave 11 in a higher isolated yield 
(88%) since the [{Mo(5-C5H5)(CO)3]}2] by-product of this reaction is easily separated 
from 11 due to its enhanced solubility in hydrocarbon solvents. 
 
Scheme 8. Reactions of 2 with [M(5-C5H5)(CO)3H] (M = Mo, Cr). 
 
In contrast to this hydrogenation reaction of a nitrido group in 2, the treatment of 11 
with an additional equivalent of [M(5-C5H5)(CO)3H] afforded the ionic compounds 
[{Ti(5-C5Me5)}4(3-N)2(3-NH)2][M(
5-C5H5)(CO)3] (M = Mo (12), Cr (13)) by 
protonation of other nitrido group. Compounds 12 and 13 were isolated in 82 and 38% 
yields as dark green solids, which are not soluble in hydrocarbon solvents but exhibit a 
good solubility in pyridine-d5. The compounds are also soluble in chloroform-d1 but readily 
react with this solvent to give [Ti(5-C5Me5)Cl3] and other unidentified species. Complexes 
12 and 13 were characterized by spectroscopic and analytical methods, as well as by an X-
ray crystal structure determination for 13. The IR spectra (KBr) show two N‒H stretching 
modes, between 3289 and 3264 cm-1, as the absorptions expected for C2v symmetry (A1 and 
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B2 vibrations) of the cationic fragment. These two bands are similar to those found in the 
neutral complex [{Ti(5-C5Me5)}4(3-CH)2(3-NH)2],
24 while one absorption is observed 
in the spectra of 11 (3333 cm-1) and 8 (3237 cm-1).29 In addition, the IR spectra of 
compounds 12 and 13 show strong bands, between 1936 and 1746 cm-1, for the (CO) 
vibrations of the [M(5-C5H5)(CO)3]
– anions. The 1H NMR spectra of 12 and 13 in 
pyridine-d5 reveal two far-downfield ( = 9.3 and 8.0) and broad resonances for the 
5-
C5Me5 ligands in a 1:1 ratio in accord with a C2v symmetry in solution. These resonance 
signals are comparable to those found in the spectrum of complex 11 in chloroform-d1 ( = 
10.0 and 8.7 in a 1:3 ratio) which is paramagnetic with a eff = 1.70 B according to the 
Evans method32 determination of the magnetic susceptibility in this solvent. Similarly, 
compounds 12 and 13 in pyridine-d5 solutions gave eff values of 1.64 and 1.62 B, which 
are consistent with the presence of one unpaired electron in the complexes. 
The crystal structure of compound 13 contains [Cr(5-C5H5)(CO)3]
– and [{Ti(5-
C5Me5)}4(3-N)2(3-NH)2]
+ ions. The cationic fragment shows an almost perfect [Ti4N4] 
cube core (Figure 7), with the Ti–N–Ti and N–Ti–N angles very close to 90º, similar to 
those found in the neutral complexes [{Ti(5-C5Me5)}4(3-N)4]
23 (2) and [{Ti(5-
C5Me5)}4(3-N)3(3-NH)] (11).
29 The titanium–nitrogen(imido) lengths (av. 2.02(2) Å) are 
longer than titanium–nitrogen(nitrido) separations (av. 1.964(8) Å). The averaged Ti···Ti 
(2.85(3) Å) and Ti–N (1.99(3) Å) separations in 13 are slightly longer than those found in 
complex 2 (2.783(2) and 1.938(7) Å). 
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Figure 7. Perspective view of the cation of 13 (thermal ellipsoids at the 50% probability 
level). Hydrogen atoms of the 5-C5Me5 ligands are omitted for clarity. Selected averaged 
lengths (Å) and angles (deg): Ti‒N(1) 2.032(8), Ti‒N(2) 1.962(5), Ti‒N(3) 1.998(3), Ti‒





We have shown the isolation and structural characterization of several polynuclear 
nitrido titanium(IV) derivatives through the reaction of complexes [{Ti(5-C5Me5)(-
NH)}3(3-N)] and [{Ti(
5-C5Me5)}4(3-N)4] with different molar ratios of electrophilic 
reagents ROTf (R = H, Me, Me3Si; OTf = OSO2CF3). The electrophilic attacks with low 
ratios of electrophiles occur selectively at the imido ligands of [{Ti(5-C5Me5)(-
NH)}3(3-N)] to give trinuclear or dinuclear species while the nitrido ligand remains 
unaltered. The functionalization of the bridging nitrido unit was only observed with a large 
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excess of electrophiles to afford the ammonium salts [NR4][Ti(
5-C5Me5)(OTf)4] (R = H, 
Me). Similarly, one of the nitrido groups of [{Ti(5-C5Me5)}4(3-N)4] reacts with triflic 
acid or methyl triflate to form a 3-NR imido ligand, but a higher ratio of triflic acid 
produces the rupture of a fraction of the tetranuclear complex with formation of the ionic 
species [{Ti(5-C5Me5)}4(3-N)3(3-NH)][Ti(
5-C5Me5)(OTf)4(NH3)]. Initial 
stoichiometric studies of the tetranitrido [{Ti(5-C5Me5)}4(3-N)4] with group 6 hydride 
complexes [M(5-C5H5)(CO)3H] (M = Mo, Cr) results in the hydrogenation of one nitrido 
ligand but a second equivalent of [M(5-C5H5)(CO)3H] leads to protonation of other nitrido 
group and not electron transfer occurs. We are currently evaluating the redox potentials of 
our titanium polynuclear species as well as the use of other hydride compounds in order to 






The Supporting Information is available free of charge on the ACS Publications website at 
DOI: 10.1021/acs.inorg-chem.xxxxxx. 
Experimental crystallographic data of complexes 3, 4, 5, 9, 10, and 13; perspective view of 
the crystal structures of complexes 3 and 9; tables for selected lengths and angles of the 





CCDC 1977628-1977633 contain the supplementary crystallographic data for this paper. 
These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by 
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic 






Miguel Mena: 0000-0001-7456-1212 
Adrián Pérez-Redondo: 0000-0002-0086-8825 
Carlos Yélamos: 0000-0003-0425-4799. 
Notes 
The authors declare no competing financial interest. 
 
Acknowledgments. 
We are grateful to the Spanish MCIU (PGC2018-094007-B-I00) and the Universidad de 
Alcalá (CCG2018/EXP-008) for financial support of this research. P.B. and J.C. thank the 




                                                 
(1) Nishibayashi, Y. Transition Metal-Dinitrogen Complexes: Preparation and Reactivity; 
Wiley-VCH: Weinheim, 2019. 
(2) (a) Nishibayashi, Y., Ed. Nitrogen Fixation in Top. Organomet. Chem., Vol. 60; Springer 
Verlag: Berlin/Heidelberg, 2017. (b) Schrock, R. R. Catalytic Reduction of Dinitrogen to 
Ammonia at a Single Molybdenum Center. Acc. Chem. Res. 2005, 38, 955–962. (c) 
Hoffman, B. M.; Lukoyanov, D.; Yang, Z.; Dean, D. R.; Seefeldt, L. C. Mechanism of 
Nitrogen Fixation by Nitrogenase: The Next Stage. Chem. Rev. 2014, 114, 4041–4062. (d) 
Jia, H.-P.; Quadrelli, E. A. Mechanistic Aspects of Dinitrogen Cleavage and Hydrogenation 
to Produce Ammonia in Catalysis and Organometallic Chemistry: Relevance of Metal 
Hydride Bonds and Dihydrogen. Chem. Soc. Rev. 2014, 43, 547–564. 
(3) (a) Laplaza, C. E.; Cummins, C. C. Dinitrogen Cleavage by a Three-Coordinate 
Molybdenum(III) Complex. Science 1995, 268, 861–863. (b) Laplaza, C. E.; Johnson, M. J. 
A.; Peters, J. C.; Odom, A. L.; Kim, E.; Cummins, C. C.; George, G. N.; Pickering, I. J. 
Dinitrogen Cleavage by Three-Coordinate Molybdenum(III) Complexes:  Mechanistic and 
Structural Data. J. Am. Chem. Soc. 1996, 118, 8623–8638. 
(4) For a recent review on N2 splitting, see: Klopsch, I.; Yuzik-Klimova, E. Y.; Schneider, S. 
Functionalization of N2 by Mid to Late Transition Metals via N–N Bond Cleavage. Top. 
Organomet. Chem. 2017, 60, 71–112. 
(5) For general references on complexes with terminal nitrido ligands, see: (a) Nugent, W. A.; 
Mayer, J. M. Metal-Ligand Multiple Bonds; John Wiley & Sons: New York, 1988. (b) 
Eikey, R. A.; Abu-Omar, M. M. Nitrido and Imido Transition Metal Complexes of Groups 
6–8. Coord. Chem. Rev. 2003, 243, 83–124. (c) Berry, J. F. Terminal Nitrido and Imido 
 41 
                                                                                                                                                    
Complexes of the Late Transition Metals. Comments Inorg. Chem. 2009, 30, 28–66. (d) 
Smith, J. M. Reactive Transition Metal Complexes. Prog. Inorg. Chem. 2014, 58, 417–470. 
(6) (a) Rodríguez, M. M.; Bill, E.; Brennessel, W. W.; Holland, P. L. N2 Reduction and 
Hydrogenation to Ammonia by a Molecular Iron-Potassium Complex. Science 2011, 334, 
780–783. (b) Grubel, K.; Brennessel, W. W.; Mercado, B. Q.; Holland, P. L. Alkali Metal 
Control over N–N Cleavage in Iron Complexes. J. Am. Chem. Soc. 2014, 136, 16807–
16816. (c) MacLeod, K. C.; McWilliams, S. F.; Mercado, B. Q.; Holland, P. L. Stepwise 
N–H Bond Formation from N2-Derived Iron Nitride, Imide and Amide Intermediates to 
Ammonia. Chem. Sci. 2016, 7, 5736–5746. (d) Bhutto, S. M.; Holland, P. L. Dinitrogen 
Activation and Functionalization Using –Diketiminate Iron Complexes. Eur. J. Inorg. 
Chem. 2019, 1861–1869. 
(7) Lee, Y.; Sloane, F. T.; Blondin, G.; Abboud, K. A.; García-Serres, R.; Murray, L. J. 
Dinitrogen Activation Upon Reduction of a Triiron(II) Complex. Angew. Chem., Int. Ed. 
2015, 54, 1499–1503. 
(8) For reviews on polynuclear nitrido complexes, see: (a) Dehnicke, K.; Strähle, J. The 
Transition Metal-Nitrogen Multiple Bond. Angew. Chem., Int. Ed. Engl. 1981, 20, 413–
426. (b) Dehnicke, K.; Strähle, J. Nitrido Complexes of Transition Metals. Angew. Chem., 
Int. Ed. Engl. 1992, 31, 955–978. (c) Mena, M.; Pérez-Redondo, A.; Yélamos C. 
Heterometallic Cube-Type Molecular Nitrides. Eur. J. Inorg. Chem. 2016, 1762–1778. 
(9) For Group 4 metal complexes with bridging nitrido ligands generated by N2 cleavage, see: 
(a) Pool, J. A.; Lobkovsky, E.; Chirik, P. J. Hydrogenation and Cleavage of Dinitrogen to 
Ammonia with a Zirconium Complex. Nature 2004, 427, 527–530. (b) Nikiforov, G. B.; 
Vidyaratne, I.; Gambarotta, S.; Korobkov, I. Titanium-Promoted Dinitrogen Cleavage, 
 42 
                                                                                                                                                    
Partial Hydrogenation, and Silylation. Angew. Chem., Int. Ed. 2009, 48, 7415–7419. (c) 
Semproni, S. P.; Milsmann, C.; Chirik, P. J. Structure and Reactivity of a Hafnocene -
Nitrido Prepared From Dinitrogen Cleavage. Angew. Chem., Int. Ed. 2012, 51, 5213–5216. 
(d) Semproni, S. P.; Chirik, P. J. Synthesis of a Base-Free Hafnium Nitride from N2 
Cleavage: A Versatile Platform for Dinitrogen Functionalization. J. Am. Chem. Soc. 2013, 
135, 11373–11383. 
(10) For a recent review on Group 5 metal complexes with bridging nitrido ligands generated by 
N2 cleavage, see: Ishida, Y.; Kawaguchi, H. Reactivity of Group 5 Element Dinitrogen 
Complexes and N2-Derived Nitrides. Top. Organomet. Chem. 2017, 60, 45–70. 
(11) (a) Fuller, A.-M.; Clegg, W.; Harrington, R. W.; Hughes, D. L.; Lancaster, S. J. 
Mononuclear Ti≡N Complexes Formed by the Facile Multiple Deprotonation of 
H3N·B(C6F5)3: The Importance of Chloride Ligands. Chem. Commun. 2008, 5776–5778. 
(b) Fuller, A.-M.; Hughes, D. L.; Jones, G. A.; Lancaster, S. J. The Structure and Chemistry 
of Tris(pentafluorophenyl)borane Protected Mononuclear Nitridotitanium Complexes. 
Dalton Trans. 2012, 41, 5599–5609. (c) Thompson, R.; Chen, C.-H.; Pink, M.; Wu, G.; 
Mindiola, D. J. A Nitrido Salt Reagent of Titanium. J. Am. Chem. Soc. 2014, 136, 8197–
8200. (d) Carroll, M. E.; Pinter, B.; Carroll, P. J.; Mindiola, D. J. Mononuclear and 
Terminally Bound Titanium Nitrides. J. Am. Chem. Soc. 2015, 137, 8884–8887. (e) Grant, 
L. N.; Pinter, B.; Kurogi, T.; Carroll, M. E.; Wu, G.; Manor, B. C.; Carroll, P. J.; Mindiola, 
D. J. Molecular Titanium Nitrides: Nucleophiles Unleashed. Chem. Sci. 2017, 8, 1209–
1224. 
(12) Grant, L. N.; Pinter, B.; Gu, J.; Mindiola, D. J. Molecular Zirconium Nitride Super Base 
from a Mononuclear Parent Imide. J. Am. Chem. Soc. 2018, 140, 17399-17403. 
 43 
                                                                                                                                                    
(13) (a) Willing, W.; Christophersen, R.; Müller, U.; Dehnicke, K. VNCl2(Pyridin)2 Synthese, 
IR‐Spektrum und Kristallstruktur. Z. Anorg. Allg. Chem. 1987, 555, 16–22. (b) Critchlow, 
S. C.; Lerchen, M. E.; Smith, R. C.; Doherty, N. M. Vanadium Nitride Linear Chain 
Polymers and Monomers. Synthesis and Structures of [V(-N)Cl2(py)2]∞ and 
V(N)Cl2(quin)2. J. Am. Chem. Soc. 1988, 110, 8071–8075. (c) Tran, B. L.; Pink, M.; Gao, 
X.; Park, H.; Mindiola, D. J. Low-Coordinate and Neutral Nitrido Complexes of Vanadium. 
J. Am. Chem. Soc. 2010, 132, 1458–1459. (d) Johnson, C. E.; Kysor, E. A.; Findlater, M.; 
Jasinski, J. P.; Metell, A. S.; Queen, J. W.; Abernethy, C. D. The Synthesis and 
Characterization of [IMesH]+[(3-C5H5)V(N)Cl2]
–: An Anionic Vanadium(V) Complex 
with a Terminal Nitrido Ligand. Dalton Trans. 2010, 39, 3482–3488. (e) Groysman, S.; 
Villagrán, D.; Freedman, D. E.; Nocera, D. G. Dinitrogen Binding at Vanadium in a 
Tris(alkoxide) Ligand Environment. Chem. Commun. 2011, 47, 10242–10244. (f) Tran, B. 
L.; Pinter, B.; Nichols, A. J.; Konopka, F. T.; Thompson, R.; Chen, C.-H.; Krzystek, J.; 
Ozarowski, A.; Telser, J.; Baik, M.-H.; Meyer, K.; Mindiola, D. J. A Planar Three-
Coordinate Vanadium(II) Complex and the Study of Terminal Vanadium Nitrides from N2: 
A Kinetic or Thermodynamic Impediment to N–N Bond Cleavage? J. Am. Chem. Soc. 
2012, 134, 13035–13045. 
(14) (a) Mindiola, D. J.; Meyer, K.; Cherry, J.-P. F.; Baker, T. A.; Cummins, C. C. Dinitrogen 
Cleavage Stemming from a Heterodinuclear Niobium/Molybdenum N2 Complex:  New 
Nitridoniobium Systems Including a Niobazene Cyclic Trimer. Organometallics 2000, 19, 
1622–1624. (b) Figueroa, J. S.; Piro, N. A.; Clough, C. R.; Cummins, C. C. A 
Nitridoniobium(V) Reagent That Effects Acid Chloride to Organic Nitrile Conversion:  
Synthesis via Heterodinuclear (Nb/Mo) Dinitrogen Cleavage, Mechanistic Insights, and 
 44 
                                                                                                                                                    
Recycling. J. Am. Chem. Soc. 2006, 128, 940–950. (c) Camp, C.; Grant, L. N.; Bergman, R. 
G.; Arnold, J. Photo-Activation of d0 Niobium Imido Azides: en Route to Nitrido 
Complexes. Chem. Commun. 2016, 52, 5538–5541. 
(15) (a) Shaver, M. P.; Fryzuk, M. D. Activation of Molecular Nitrogen: Coordination, Cleavage 
and Functionalization of N2 Mediated By Metal Complexes. Adv. Synth. Catal. 2003, 345, 
1061–1076. (b) Fryzuk, M. D. Side-on End-on Bound Dinitrogen: An Activated Bonding 
Mode That Facilitates Functionalizing Molecular Nitrogen. Acc. Chem. Rev. 2009, 42, 127–
133. (c) Andino, J. G.; Mazumder, S.; Pal, K.; Caulton, K. G. New Approaches to 
Functionalizing Metal-Coordinated N2. Angew. Chem., Int. Ed. 2013, 52, 4726–4732. 
(16) (a) Pappas, I.; Chirik, P. J. Ammonia Synthesis by Hydrogenolysis of Titanium–Nitrogen 
Bonds Using Proton Coupled Electron Transfer. J. Am. Chem. Soc. 2015, 137, 3498–3501. 
(b) Pappas, I.; Chirik, P. J. Catalytic Proton Coupled Electron Transfer from Metal 
Hydrides to Titanocene Amides, Hydrazides and Imides: Determination of Thermodynamic 
Parameters Relevant to Nitrogen Fixation. J. Am. Chem. Soc. 2016, 138, 13379–13389. (c) 
Bezdek, M. J.; Pappas, I.; Chirik, P. J. Determining and Understanding N–H Bond 
Strengths in Synthetic Nitrogen Fixation Cycles. Top. Organomet. Chem. 2017, 60, 1–22. 
(17) (a) Shima, T.; Hu, S.; Luo, G.; Kang, X.; Luo, Y.; Hou, Z. Dinitrogen Cleavage and 
Hydrogenation by a Trinuclear Titanium Polyhydride Complex. Science 2013, 340, 1549‒
1552. (b) Guru, M. M.; Shima, T.; Hou, Z. Conversion of Dinitrogen to Nitriles at a 
Multinuclear Titanium Framework. Angew. Chem., Int. Ed. 2016, 55, 12316‒12320. (c) 
Wang, B.; Luo, G.; Nishiura, M.; Hu, A.; Shima, T.; Luo, Y.; Hou, Z. Dinitrogen 
Activation by Dihydrogen and a PNP-Ligated Titanium Complex. J. Am. Chem. Soc. 2017, 
139, 1818–1821. (d) Shima, T.; Hou, Z. Dinitrogen Fixation by Transition Metal Hydride 
 45 
                                                                                                                                                    
Complexes. Top. Organomet. Chem. 2017, 60, 23–43. (e) Shima, T.; Luo, G.; Hu, S.; Luo, 
Y.; Hou, Z. Experimental and Computational Studies of Dinitrogen Activation and 
Hydrogenation at a Tetranuclear Titanium Imide/Hydride Framework. J. Am. Chem. Soc. 
2019, 141, 2713–2720. 
(18) (a) Schlögl, R. in Handbook of Heterogeneous Catalysis, 2nd ed. (Eds. G. Ertl, G. 
Knözinger, F. Schüth, J. Weitkamp), Wiley-VCH: Weinheim, 2008, vol. 5, pp. 2501‒2575. 
(b) Honkala, K.; Hellman, A.; Remediakis, I. N.; Logadottir, A.; Carlsson, A.; Dahl, S.; 
Christensen, C. H.; Nørskov, J. K. Ammonia Synthesis from First-Principles Calculations. 
Science 2005, 307, 555–558. (c) Ertl, G. Reactions at Surfaces: From Atoms to Complexity 
(Nobel Lecture). Angew. Chem., Int. Ed. 2008, 47, 3524‒3535. 
(19) (a) Abarca, A.; Gómez-Sal, P.; Martín, A.; Mena, M.; Poblet, J.-M.; Yélamos, C. 
Ammonolysis of Monopentamethylcyclopentadienyl Titanium(IV) Derivatives. Inorg. 
Chem. 2000, 39, 642–651. (b) Bai, G.; Roesky, H. W.; Noltemeyer, M.; Hao, H.; Schmidt, 
H.-G. Synthesis of the First Compound with a Rhombohedral Ti6(3-NH)6(3-N)2 Core 
Structure by Ammonolysis of a Titanium Chelate in a Two-Phase System. Organometallics 
2000, 19, 2823–2825. (c) Aguado-Ullate, S.; Carbó, J. J.; González-del Moral, O.; Martín, 
A.; Mena, M.; Poblet, J.-M.; Santamaría, C. Ammonia Activation by 3-Alkylidyne 
Fragments Supported on a Titanium Molecular Oxide Model. Inorg. Chem. 2011, 50, 
6269–6279. 
(20) (a) Banaszak Holl, M. M.; Wolczanski, P. T. Polyamidoimidonitride Clusters of Zirconium. 
J. Am. Chem. Soc. 1992, 114, 3854–3858. (b) Bai, G.; Müller, P.; Roesky, H. W.; Usón, I. 
Intramolecular Coupling of Two Cyclopentadienyl Ring Systems of Zirconium–
Unprecedented Formation of a Dihydride and Preparation of the [{(MeC5H4Me)Zr}5(5-
 46 
                                                                                                                                                    
N)(3-NH)4(-NH2)4] Cluster in a Two-Phase System. Organometallics 2000, 19, 4675–
4677. (c) Bai, G.; Roesky, H. W.; Müller, P. Ammonolysis of M–Cl Bonds of 
Organozirconium(IV) and Titanium(III) Chlorides in a Liquid Ammonia/Toluene Two 
Phase System. Bull. Pol. Acad. Sci. Chem. 2002, 50, 1–10. (d) Bai, G.; Vidovic, D.; 
Roesky, H. W.; Magull, H. A Novel Potassium-Centered Highly Symmetrically 
Polynuclear Zirconium Complex: K[{(Cp*Zr)3(3-N)(3-NH)(-NH2)3}4(NH2)5(NH3)7]. 
Polyhedron 2004, 23, 1125–1129. 
(21) (a) Banaszak Holl, M. M.; Wolczanski, P. T.; Van Duyne, G. D. Ladder Structure of 
[(tBuCH2)2TaN]5·NH3·2C7H8 and Its Relationship to Cubic TaN. J. Am. Chem. Soc. 1990, 
112, 7989–7994. (b) Banaszak Holl, M. M.; Kersting, M.; Pendley, B. D.; Wolczanski, P. 
T. Ammonolysis of Tantalum Alkyls: Formation of Cubic TaN and a Trimeric Nitride, 
[Cp*MeTaN]3. Inorg. Chem. 1990, 29, 1518–1526. 
(22) Roesky, H. W.; Bai, Y.; Noltemeyer, M. Synthesis and Structure of [{(5-
C5Me5)Ti(NH)}3N], a Titanium Imide Nitride. Angew. Chem., Int. Ed. Engl. 1989, 28, 754–
755. 
(23) Gómez-Sal, P.; Martín, A.; Mena, M.; Yélamos, C. Synthesis and Molecular Structure of 
the First Organometallic Nitride Cubane: [Ti(5-C5Me5)]4(-N)4. J. Chem. Soc. Chem. 
Commun. 1995, 39, 2185–2186. 
(24) González-Moreiras, M.; Mena, M.; Pérez-Redondo, A.; Yélamos, C. Cleavage of 
Dinitrogen from Forming Gas by a Titanium Molecular System under Ambient Conditions. 
Chem. Eur. J. 2017, 23, 3558‒3561. 
 47 
                                                                                                                                                    
(25) Carbó, J. J.; Martín, A.; Mena, M.; Pérez-Redondo, A.; Poblet, J.-M.; Yélamos, C. Addition 
of Terminal Alkynes to a Molecular Titanium-Zinc Nitride. Angew. Chem., Int. Ed. 2007, 
46, 3095–3098. 
(26) Carbó, J. J.; Martínez-Espada, N.; Mena, M.; Mosquera, M. E. G.; Poblet, J.-M.; Yélamos, 
C. Lewis Base Behavior of Bridging Nitrido Ligands of Titanium Polynuclear Complexes. 
Chem. Eur. J. 2009, 15, 11619–11631. 
(27) Caballo, J.; González-Moreiras, M.; Mena, M.; Pérez-Redondo, A.; Yélamos, C. 
Electrophilic Attack on Trinuclear Titanium Imido-Nitrido Systems. Dalton Trans. 2012, 
41, 6069–6071. 
(28) Caballo, J.; González-Moreiras, M.; Mena, M.; Pérez-Redondo, A.; Yélamos, C. Reactivity 
with Electrophiles of Imido Groups Supported on Trinuclear Titanium Systems. Inorg. 
Chem. 2013, 52, 11519–11529. 
(29) Caballo, J.; González-Moreiras, M.; Greño, M.; Mena, M.; Pérez-Redondo, A.; Yélamos, 
C. Partial Hydrogenation of a Tetranuclear Titanium Nitrido Complex with Ammonia 
Borane. Inorg. Chem. 2014, 53, 8851–8853. 
(30) Mena, M.; Royo, P.; Serrano, R.; Pellinghelli, M. A.; Tiripicchio, A. Electron-Deficient 
(Pentamethylcyclopentadienyl)titanium Trialkyls: Evidence of Ti···H‒C and Ti···C‒C 
Interactions. Crystal and Molecular Structure of -[o-(CH2)2C6H4]{(5-C5Me5)Ti[o-
(CH2)2C6H4]}2. Organometallics 1989, 8, 476‒482. 
(31) (a) Fischer, E. O. Cyclopentadienyl Tricarbonyl Hydrides of Chromium, Molybdenum, and 
Tungsten. Inorg. Synth. Vol. VII, 1963, 136–139. (b) Burchell, R. P. L.; Sirsch, P.; Decken, 
A.; McGrady, G. S. A Structural Study of [CpM(CO)3H] (M = Cr, Mo and W) by Single-
 48 
                                                                                                                                                    
Crystal X-ray Diffraction and DFT Calculations: Sterically Crowded yet Surprisingly 
Flexible Molecules. Dalton Trans. 2009, 5851–5857. 
(32) (a) Evans, D. F. The Determination of the Paramagnetic Susceptibility of Substances in 
Solution by Nuclear Magnetic Resonance. J. Chem. Soc. 1959, 2003‒2005. (b) Sur, S. K. 
Measurement of Magnetic Susceptibility and Magnetic Moment of Paramagnetic 
Molecules in Solution by High-Field Fourier Transform NMR Spectroscopy. J. Magn. 
Reson. 1989, 169‒173. (c) Bain, G. A.; Berry, J. F. Diamagnetic Corrections and Pascal´s 
Constants. J. Chem. Educ. 2008, 85, 532‒536. 
(33) (a) Chin, C. S.; Chong, D.; Lee, B.; Jeong, H.; Won, G.; Do, Y.; Park, Y. J. Activation of 
Acetonitrile in [Cp*Ir(3-CH2CHCHPh)(NCMe)]
+: Crystal Structures of Iridium–Amidine, 
Imino–Ether, Amido, and Amide Complexes. Organometallics 2000, 19, 638–648. (b) 
Bartoli, S.; Roelens, S. Binding of Acetylcholine and Tetramethylammonium to a 
Cyclophane Receptor: Anion´s Contribution to the Cation– Interaction. J. Am. Chem. Soc. 
2002, 124, 8307–8315. 
(34) Farrugia, L. J. WinGX and ORTEP for Windows: An Update. J. Appl. Crystallogr. 2012, 45, 
849–854. 
(35) Sheldrick, G. M. A Short History of SHELX. Acta Crystallogr., Sect. A: Found. 
Crystallogr. 2008, 64, 112–122. 
(36) Sheldrick, G. M. SHELXT – Integrated Space–Group and Crystal-Structure Determination. 
Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3–8. 
(37) Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr., Sect. C: 
Struct. Chem. 2015, 71, 3–8. 
 49 
                                                                                                                                                    
(38) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds, 5th 
ed.; Wiley: New York, 1997. 
(39) (a) Lawrance, G. A. Coordinated Trifluoromethanesulfonate and Fluorosulfate. Chem. Rev. 
1986, 86, 17–33. (b) Johnston, D. H; Shriver, D. F. Vibrational Study of the 
Trifluoromethanesulfonate Anion: Unambiguous Assignment of the Asymmetric Stretching 
Modes. Inorg. Chem. 1993, 32, 1045–1047. (c) Huang, W.; Frech, R.; Wheeler, R. A. 
Molecular Structures and Normal Vibrations of CF3SO3
– and Its Lithium Ion Pairs and 
Aggregates. J. Phys. Chem. 1994, 98, 100–110. 
(40) (a) Duan, Z.; Verkade, J. G. A Novel Bis(azatitanatrane) with a T-Shaped Nitrido Bridging 
Ligand: Synthesis and Structure of {[N(CH2CH2N-i-Pr)3Ti]2(3-N)Na(THF)}. Inorg. 
Chem. 1996, 35, 5325–5327. (b) Carmalt, C. J.; Milehan, J. D.; White, A. J. P.; Williams, 
D. J. Synthesis and Characterisation of a Bridging Nitrido Complex of Titanium. New J. 
Chem. 2000, 24, 929–930. 
(41) (a) Ngo, S. C.; Toscano, P. J.; Welch, J. T. Preparation and Characterization of Half-
Sandwich (Pentamethylcyclopentadienyl)triflatotitanium(IV) Complexes: Solid-State 
Structural Motifs and Catalysis Studies. Helv. Chim. Acta 2002, 85, 3366–3382. (b) 
Kessler, M.; Hansen, S.; Hollmann, D.; Klahn, M.; Beweries, T.; Spannenberg, A.; 
Brückner, A.; Rosenthal, U. Synthesis of Cp*2Ti(OTf) and Its Reaction with Water. Eur. J. 
Inorg. Chem. 2011, 627–631. 
(42) (a) García-Castro, M.; Martín, A.; Mena, M.; Poblet, J.-M.; Yélamos, C. Iodine Attack on 
the Metalloligand [{Ti(5-C5Me5)(-NH)}3(3-N)]: Surprising Formation of the [Ti3(
5-
C5Me5)3I2(-NH)3(NH3)]
+ Cation. Eur. J. Inorg. Chem. 2006, 1155–1160. (b) Benda, C. B.; 
Waibel, M.; Fässler, T. F. On the Formation of Intermetalloid Clusters: 
 50 
                                                                                                                                                    
Titanocene(III)diammin as a Versatile Reactant Toward Nonastannide Zintl Clusters. 
Angew. Chem., Int. Ed. 2015, 54, 522‒526. 
(43) (a) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford University Press: New 
York, 1997. (b) Steiner, T. The Hydrogen Bond in the Solid State. Angew. Chem., Int. Ed. 
2002, 41, 48–76. 
(44) Nesmeyanov, A. N.; Fedin, E. I.; Petrovskii, P. V.; Dubovitskii, V. A.; Nogina, O. V.; 
Kochetkova, N. S. 13C NMR Spectra and Electronic Effects in Cyclopentadienyl 
Derivatives of Metals II. Reference Point for Chemical Shifts of the Key Carbon Atom in 
the Series of C Substituents. Zh. Strukt. Khim. 1975, 16, 759–764. 
(45) Pevec, A. Crystal Structures of (5-C5Me5)TiCl3 and (
5-C5Me4H)TiCl3. Acta Chim. Slov. 
2003, 50, 199‒206. 
(46) Lee, J.; Do, Y.; Kim, Y. Facile Synthesis and X-Ray Structures of (5-C5Me5)Ti(OAr
F)3 
(OArF = OC6F5, OCH2C6F5, and OCH2C6F2H3). J. Organomet. Chem. 2007, 692, 3593–
3598. 
(47) Jordan, R. F.; Norton, J. R. Kinetic and Thermodynamic Acidity of Hydrido Transition-
Metal Complexes. 1. Periodic Trends in Group 6 Complexes and Substituent Effects in 
Osmium Complexes. J. Am. Chem. Soc. 1982, 104, 1255–1263. 
